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A GAS-CORE REACTOR, l i k e  a solid-core reactor,  f o r  nuclear propulsion is  a 

through-flow device; hydrogen and a f i ss ionable  gas flow in to  an external ly  

moderated-reflected cavity,  heat is released by nuclear f i ss ion ,  and the  
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GENERAL CHARACTERISTICS 

The f i ss ionable  gas i s  not retained i n  the  cavity; a constant uranium t o  

hydrogen mass flow r a t i o  enters  - and leaves the  reactor .  

term "separation" process denotes an increase of f u e l  residence time over 

tha t  of the  hydrogen and, correct ly  used, does not imply tha t  any fuel is  

p e m n e n t l y  re tained i n  the  system. 

- 
The frequently used 

Performance impro vement of a reaction-mass propulsion system f o r  space v 
rockets can be effected only by an increase i n  the energy content of t he  

propel lant .  Thus by u t i l i z i n g  the  propellant with the highest spec i f ic  

heat - hydrogen, solid-core nuclear rockets a r e  capable of a higher spec i f ic  

N In 

? w 
impulse than t h a t  possible with a chemical system f o r  a given temperature. 

\ 

mixture of hot gases i s  expanded through an exhuast nozzle t o  produce t h r u s t .  31 

Further  performance increases require  a higher propellant exhaust tempera- 

tu re ,  Since the  maximum propellant exhaust temperature cannot exaeed that 

of t h e  heat- t ransfer  surface in  a solid-core nuclear system, a fundamental 

change is  necessary t o  provide a spec i f ic  impulse s ign i f i can t ly  grea te r  than 

t h e  1000 seconds associated with an advance2 solid-core nuclear rocket,  

- 

A gas-cure reactor  of fe rs  t h e  a t t r a c t i v e  poss ib i l i t y  of spec i f ic  iB- 

pulses up t o  3000 seconds. Basically,  t h i s  is  accomplished by maintalning 

t h e  nuclear f u e l  i n  the reactor as  a gas ra ther  than as a so l id ,  Obviously, 
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the  containing walls s t i l l  impose a temperature l i m i t  on the  system, but 

now the energy t r ans fe r  t o  the propellant can occur a t  higher temperatures. 
'< 

F i e r e  1 i l l u s t r a t e s  the fundamental gas-core concept. Hydrogen pro- 

pe-nt and gaseous uranium 235 ( O r  plutonium 239) a r e  injected in to  an 
L' 

,externally moderated-reflected reactor cavity. With the  system under the  

pressure necessary t o  maintain a c r i t i c a l  mass within t h e  reactor,  the  nu- 

c lear  heat released is  t ransferred t o  the propellant e i t h e r  by d i r ec t  mo- 

lecu lar  co l l i s ions  o r  by thermal radiation. The heated propellant and t h e  

f iss ionable  mater ia l  are then ejected through an exhaust nozzle t o  produce 

thrus t  

,-.- - / 

Although the  gas-region temperature may exceed t h a t  of a s o l i d  fuel 

element, there  is  a U t  resu l t ing  from the f a c t  t h a t  a l l  of t he  f i ss ion-  

generated heat is not t ransferred d i rec t ly  t o  the  propellant; some is de- 

posi ted i n  the  surrounding s o l i d  regions by gamma and neutron heating and 

by thermal radiat ion t o  the  cavi ty  walls. 

the  t o t a l  enthalpy r i s e  of  the propellant must occur a t  a gas temperature 

of 5000' R o r  l e s s ,  the  maximum exhuast temperature of a constant-specific- 

heat propellant is l imited t o  50,000° R. 

are discussed more extensively i n  reference 1. 

For example, i f  10 percent of 

The implications of t h i s  r e s t r a i n t  

Another performance l imi t  is  imposed by the  required cavi ty  pressure. 

For prescribed materials and reactor  geometry, t h e  atom density required 

f o r  c r i t i c a l i t y  i s  f ixed,  

e r a t ion  of higher temperatures is  d i rec t ly  re f lec ted  i n  an increased pres- 

sure  requirement. 

Because the nuclear f u e l  is  a gas, the  consid- 

Even within these limits, however, propellant exhaust 

+am-nano+..nhr "r,uprsu."u*L~ of 1!2,0c)oo to 15,oC>oo E and s p e z l f i z  ilqxlses q tc 3 c ) x  see= 
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onds are poten t ia l ly  avai lable  froo: such a system. 

While an increase of spec i f ic  impulse is ce r t a in ly  desirable,  an 

overa l l  performance advantage may not e x i s t  i f  it is  accompanied by a de- 

crease of reactor  th rus t  t o  w e i g h t  ra t io .  

invest igate  b r i e f l y  the  trade-off between impulse and thrust-weight ra t io .  

This w i l l  then provide a usefu l  evaluation c r i t e r i o n  f o r  proposed high- 

impulse systems . 

It is therefore  necessary t o  

Figure 2 shows the  specif ic  impulse required t o  perform a seven- 

man, 460-day Venus mission as a function of powerplant t h rus t  t o  weight 

ra t io .  The reference vehicle here i s  an advanced solid-core nuclear 

rocket with a thrus t  t o  weight r a t i o  of 50 and an impulse of 1000 sec- 

onds. 

pulses grea te r  than 1000 seconds; f o r  example, a 3000-second engine with 

a t h r u s t  t o  weight r a t i o  of 3 could perform t h i s  mission with a t o t a l  

vehicle weight one-half t h a t  of t h e  solid-core system. 

t e r e s t ing  t o  n d e  t h a t  a 3000-second-impulse engine with a thrust-weight 

r a t i o  of 10" of fe r s  no advantage over the solid-core reference vehiclefSR 

These curves show the  decrease i n  vehicle w e i g h t  afforded by im- 

It is a l so  in- 

op LGSS 

7 4 P N  ytr'h/lu s MJSSidlV S kbwu. 
It is possible t o  u t i l i z e  the  advantage of high spec i f ic  impulse t o  

This decrease the  trip-time requirement rather than the  vehicle weight. 

i s  i l l u s t r a t e d  i n  figure 3 again f o r  a seven-man Venus mission with an 

i n i t i a l  w e i g h t  i n  o r b i t  of 1.7 mill ion pounds and a t h rus t  t o  weight r a t i o  

grea te r  than lo-'. A gas-core reactor  system with an impulse of 3000 sec- 

onds would reduce the  solid-core trip-time requirement from 460 t o  150 days, 

This is  perhaps a more s ignif icant  advantage; f o r  t he  same 460-day 

t r i p  time, the  high-impulse-system weight was less, but  both vehicles s t i l l  
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performed the  same mission. For equal vehicle weight, however, the  sopid- 

core rocket cannot compete on the  bas i s  of t r i p  time - it simply could not 

accomplish the  mission i n  l e s s  than 460 days. Future information on human 

and system r e l i a b i l i t y  fac tors  w i l l  mwe c l e a r l y  define the  advantage, or 

pprhaps necessity,  of reduced trip-time capabi l i ty .  

It i s  apparent, then, t h a t  a gas-core nuclear rocket has a perform- 

ance p o t e n t i a l  su f f i c i en t ly  greater  than a solid-core system t o  warrant 

addi t iona l  consideration. 

t o  evaluate t o  what extent t h i s  maximum possible  performance is a t ta inable .  

Described herein a r e  the  various concepts current ly  under consideration, 

t h e i r  unique and common problems, and the present s t a tus  and fu ture  goals 

of the  research. 

It is  t h e  purpose of gaseous reactor  research 

CURRENT RESEARCH 

Gaseous reactor  research is present ly  concerned with providing an 

answer t o  the  question:Will it work? Before discussing the  spec i f ics  of 

t h i s  research, it w i l l  be  he lpfu l  t o  define j u s t  what mechanisms a r e  in-  

volved i n  a gas-core reactor .  

work simultaneously, as i l l u s t r a t e d  i n  f igure  4. 

Basic-&ly, t he re  a r e  three processea a t  

F i r s t ,  because t h e  system is a reactor,  suf f ic ien t  f i s s ionable  mate- 

Second, because it is r i a l  must be present t o  maintain a chain reaction. 

a propulsion device, hydrogen propellant must flow through the  reactor  

cavity.  

be t r ans fe r r ed  t o  the  hydrogen. 

F ian l ly ,  because it is a heat exchanger, the f i s s i o n  energy must 

So, hydrodynamics, heat t ransfer ,  and 

nucieonics in approximateiy illai of >-----&---e --- ---l..l A- -*e-.. u p u i  I~CLLIGG as G y . ~  U U ~ G W  a A  ~ a p  

common t o  any gas-core concept. 

invest igat ion.  

All three phenomena a r e  cur ren t ly  under 
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The hydrodynamic requirements on a gas-core reactor  system are ex- 

tremely severe; and consequently major a t t en t ion  has been focused i n  t h i s  

direct ion.  The problem r e s u l t s  from the f a c t  t h a t  t he  f i ss ionable  f u e l  

flows through the  reactor  and is  ejected with the  hydrogen propellant.  

The r a t i o  of t he  mass flow r a t e  of hydrogen t o  f u e l  is the parameter of 

pa r t i cu la r  i n t e re s t .  One e f f ec t  of exhausting f u e l  with the  hydrogen is 

the  rqduction of spec i f i c  inrpulse due t o  the  r e su l t an t  increase of 

propellant-gas average molecular weight. For example, i f  t h i s  flow r a t i o  

is unity,  t he  spec i f i c  impulse i s  reduced t o  70 percent of t h a t  obtainable 

with pure hydrogen. 

t r a t e d  i n  f igure  5. 

on a f u e l  t o  hdyrogen molecular weight r a t i o  t h a t  is assumed t o  be constant 

(unaffected by d issoc ia t ion  and ionization).  Although the  curves of f ig -  

ure  5 would ac tua l ly  be pressure dependent, they are su f f i c i en t  t o  i l l u s -  

trate t h e  general  e f f ec t .  

This e f f e c t  of molecular weight d i lu t ion  is i l l u s -  

The curve shown is an approximation s ince it is  based 

CY 
& 

A more severe l i m i t  on f u e l  loss is  placed by economic considerations. 

For example, if the  cost  of nuclear fue l  used is l imi ted  t o  that of the  

hydrogen, the  f u e l  flow rate must be  1/35th t h a t  of t he  hydrogen (ref. 2 )  

Reference 2 a l s o  shows t h a t  uniform mixture of these proportions implies 

a r eac to r  pressure otf t h e  order of 100,000 p s i a  f o r  c r i t i c a l i t y .  

something must be done t o  reduce t h e  required pressure t o  a reasonable leve l .  

This can be accomplished by slowing the fue l ,  r e l a t i v e  t o  the  hydrogen, as 

Obviougly, 

t h e  i~L;~t i i re  passes uiroiigh the  reac tor .  T h i i ~ ,  ~ h g t  IS reqiiired IS aii iii- 

crease of f u e l  residence time r e l a t ive  t o  t h a t  of t he  hydrogen. 
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This  increase can be viewed as a "separation" fac tor  S, I n  general, 

the required reactor  pressure i n  ps ia  is given by: 

P 4w' NF T - = - -  
1000 3s 1018 10,000 

where NF i s  the  c r i t i c a l  density, at/cc; T i s  t h e  reactor  temperature, 

OR; and W' is  the  hydrogen t o  f u e l  mass flow rate r a t i o ,  The separation 

f ac to r  S i s  the  r a t i o  of f u e l  t o  hydrogen residence time i n  t h e  reactor,  

or,  conversely, is  t h e  r a t i o  of the  average hydrogen veloci ty  through the  

reactor  t o  t h a t  of t he  fue l ,  

Although the  term separation affords a convenient one-word reference 

t o  the  flow process involved, it must be used with care. It does not imply 

t h a t  some fue l  is separated and retained i n  the  system, but  ra ther  t h a t  t h e  

f u e l  atoms follow a separate, o r  different ,  path through the reactor so 

t h a t  the f u e l  residence time is greater than t h a t  of hydrogen. 

A f eas ib l e  gas-core system must provide a separation fac tor  of t h e  

order of 100, 

ered as means t o  t h i a  end. 

Fluid-mechanical or  external body forces have been consid- 

Two proposed schemes t h a t  u t i l i z e  hydrodynamic forces t o  accomplish 

the  f u e l  hold-up, o r  "separation," are  (1) a vortex (refs. 3 and 4)  and 

(2)  a coaxial  flow system ( r e f .  5), keth i l l u s t r a t e d  i n  f igure 6. 

vortex system proposes t o  achieve separation as a r e su l t  of pressure d i f -  

fusion that tends t o  create  a high-density annular f u e l  region through 

BOW 
The 

which t h e  propellant must diffuse.  

tu red  as a cent r i fuga l  one i n  which t h e  heavy f u e l  atoms are thrown r a d i a l l y  

outward; t h i s  e f f ec t  is opposed by the incoming gas flow that  tends t o  

Physically, t he  process can be pic- 



carry them rad ia l ly  inward. 

hydrogen flow ra tes  required f o r  high thrus t  tend t o  diminish the separa- 

t i on  process ., 

should be composed of many p a r a l l e l  vortices placed i n  a tube bundle 

(ref. 3) or a single-cavity matrix (ref. 6 )  

(refs. 6 and 7) and end-wall boundary-layer flow (ref 

system have been studied. 

The primary d i f f i cu l ty  here is t h a t  t he  la rge  

Analysis## suggest3 that  t o  a l l e v i a t e  t h i s  problem the  system 

The ef fec ts  of turbulence 

8) i n  a vortex 

Where the  vortex attempts t o  separate a fuel-propellant mixture, the 

coaxial  flow system is aimed a t  maintaining an i n i t i a l  separation. 

t h i s  configuration, t he  f'uel i s  injected w i t h  a low velocity in to  a sur- 

rounding fast-moving propellant stream, Although the  f u e l  stream is accel- 

erated by diffusion and momentum transfer  a s  it moves through the reactor 

cavity, the average f u e l  residence time is greater than t h a t  of t he  hydro- 

gen, 

the NASA Lewis Research Center, 

I n  

A turbulent coaxial  flow system is currently under investigation a t  

Other gas-core concepts t ha t  have been suggested are: (1) a plasma 

core (ref 

and (2 )  a "glo-plug" system (ref,  lo), which proposes complete fuel con- 

tainment within transparent tubes. The plasma-core concept must en ter ta in  

extremely la rge  magnetic-field strengths, and a glo-plug system faces se- 

r ious mater ia ls  requirements e 

9 )  , which employs electromagnetic forces t o  maintain separation, 

Because propellant temperatures (lO,OOOo t o  30,000° R )  well above the  

melticg pic% cf s s l i d  mtei-iais IIIUS~, be cuntained witnin a reactor  cavity, 

any gas-core system incurs severe t h e m 1  radiat ion problems. 

the nuclear heat released is radiated t o  the reactor  w a l l ,  propellant tem- 

peratures  obviously cannot exceed that  of a solid-core reactor,  and the  

I f  a l l  of 



performance advantage is  l o s t ,  Some concepts, such a s  the coaxial  flow, 

plasma core, and glo-plug, depend t o  a la rge  extent on thermal radiat ion 

t o  t r ans fe r  energy t o  the  propellant. T h i s  necessarily implies a propellant 

t h a t  is  opaque t o  thermal radiation, 

Two confl ic t ing requirements now exis t :  

(1) The propellant must be hydrogen. (Hydrogen is transparent below 

about 12,000~ R )  

( 2 )  The propellant must be opaque. 

T h i s  ineluctable s i t ua t ion  can be resolved by adding a meterial t o  the 
a 

hydrogen t o  render it opaque. 

are the possible choices 

room temperature p a r t i c l e  dispersions and concludes t h a t  sol id-par t ic le  

Solid par t ic les ,  m i s t s ,  and other  gases 

Reference 11 reports some t r ansmiss iv i tdo f  
U a w g e n ~ W s  

seeding appears t o  be a poss ib l i l i t y ,  

have been investigated (refs, 12 ,  13, and 14)  but much remains t o  be done. 

Other aspects of thermal radiat ion 

Though some of the  nucleonic charac te r i s t ics  are obviously unique, 

reac tor  c r i t i c a l i t y  does not appear to  impolre any severe constraints  on 

a gaseous reac tor  system, A two-&ensional diffusion study of a gas- 

core reac tor  presented i n  reference 15 contains an analysis of the  ef-  

fect of per t inent  geometry, materials, and temperature fac tors  on c r i t i -  

c a l  massI 

Since essent ia l ly  a l l  nucleonic work t o  date has been of an analyti- 

c a l  nature, t he  value of c r i t i c a l  and subc r i t i ca l  experiments i s  apparent. 

Tne on ly  use known t o  t h i s  author of a gaseous nuclear f u e l  i n  a c r i t i c a l  

assembly is  the Russian reactor  reported i n  reference 16 ,  Though the  

f i ss ionable  material m6 was a gas, t h e  reactor  w a s  not a "cavity" re- 

ac tor ;  t he  moderation was accomplished by a beryllium matrix within an 
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external  graphite re f lec tor .  That reference reports  experimental evidence 

which suggests t ha t  gaseous fueled reactors possess an inherent control  

advantage that can be exploited by providing an external  volume in to  

which the  nuclear f u e l  can expand as the temperature is increased. Refer- 

ence 1 7  describes a cavity-reactor c r i t i c a l  experiment i n  which sol id-fuel  

f o i l  was external ly  moderated-reflected with heavy water, Fa i r  agreement 

between diffusion theory and experiment is reported i n  reference 18 f o r  a 

polonium-beryllium source i n  a graphite-reflected cavity,  

Status  and Future Goals 

A t  present, the  bulk of gas-core reactor  research is directed toward 

the  flow process, 

on two-component isothermal flow systemsb f o r  example, a i r  and bromine, 

The bas ic  analyses u t i l i z e  the  more rigorously understood laminar-flow 

re la t ions ,  but  turbulence is  recognized as the  more l i k e l y  flow regime- 

Analytical  and experimental s tudies  are being conducted 
4 

Laminar r e s u l t s  are therefore modified, somewhat empirically, and experi- 

mental s tudies  a r e  used t o  check the va l id i ty  of the  procedure (ref. 2 ) .  

Though much remains unknown, preliminary performance estimates have been 

made and, within the  limits of the  necessary assumptions, the r e s u l t s  

appear promising, 

A two-dimensional gray-gas thermal radiat ion analysis  ( r e f ,  14) car- 

r ied  out  a t  Lewis indicates t ha t  op t i ca l  thicknesses of t h e  order  10 are 

required t o  prevent excessive radiant heating of the wall i n  gas-core 

----Le--- ~ = a c ; ~ ~ - a ~  A a y s i a m  of such opacity would absorb 99.995 percent of inc i -  

dent radiat ion,  transmitt ing only 0,005 percent, Such an apparently ex- 

treme condition can be obtained by seeding hydrogen 
UUlW 

pproximately 1 percent P 
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by weight w%h carbon dust, based on values reported i n  reference 11, 

an estimate, however, is r e s t r i c t e d  t o  a rather narrow range of conditions 

and serves mainly t o  ind ica te  the  need f o r  more information, 

Sqch 

Obviously, so l id-par t ic le  seeding i s  not t h e  complete answer, because 

the  sublimation would occur within the reactor  f o r  contemplated exhaust 

temperatures of 10,OOOo t o  20,000° R. 

have also been suggested as possible  seeding materials.  The overa l l  prob- 

l e m  of rad ia t ive  heat t r ans fe r  t o  seeded hydrogen is  qui te  complicated and 

fu r the r  work is necessary, This is particularly true with regard t o  chemi- 

c a l  in te rac t ion  between the  hydrogen and seeding material and t h e  o p t i c a l  

propert ies  of t he  resu l t ing  chemical species,  

Materials such as cesium and l i thium 

Some ana ly t i ca l  information i s  avai lable  on the o p t i c a l  absorption 

propert ies  of hydrogen gas, but  l i t t l e  or no experimental data exist  i n  

the  temperature range of  5000' t o  30,O0O0 R and f o r  pressures from 1 t o  300 

atmospheres, 

poss ib le  seeding mater ia ls  are also needed, 

exhaust -nozzle-cooling problem i s  considerably more complex than f o r  con- 

vent ional  systems, I n  addi t ion t o  conduction heat t ransfer ,  thermal radia- 

t i o n  from the  hot exhaust gases w i l l  fu r ther  complicate nozzle cooling. 

To date, t h i s  problem has received l i t t l e  a t ten t ion .  

Analytical  and experimental s tud ies  of the absorpt ivi ty  of 

For a gas-core reactor,  the  

The reactor  c r i t i c a l i t y  information avai lable  is su f f i c i en t  f o r  system. 

performance estimated, bu t  addi t ional  work w i l . 1  be  required for spec i f ic  

configurations and operating conditions, The app l i cab i l i t y  of diffusion 

theory t o  cavi ty  reactors  has been r e l a t ive ly  unexplored because of a lack 

of ex i s t ing  experimental information, Computational d i f f i c u l t i e s  have 



prevented any extensive comparison of transport  and diffusion methods f o r  

gas-core configurations. 

t o r  density gradients and gamma and neutron heating have not been invest i -  

gated t o  any extent, 

Effects  on reactor  c r i t i c a l i t y  of f u e l  and modera- 

The performance potentia3 of gaseous reactors far exceeds t h e  bes t  

envisioned for solid-core heat-transfer rockets, 

t e n t i a l  can i n  f a c t  be real ized i s  not presently known, 

s tudies  are suf f ic ien t ly  promising to  j u s t i f y  fu r the r  work i n  t h i s  f ie ld ,  

Even when treated separately, t h e  hydroqnamic, heat t ransfer ,  and nucleonic 

processes are d i f f i c u l t  t o  analyze, Recognition of t h e i r  mutual dependency 

w i l l  introduce addi t ional  complexities, but i s  necessary f o r  a r e a l i s t i c  

understanding of system performance, This is  the next major goal of cur- 

r en t  gas-core research, 

and, hopefully, one t h a t  w i l l  lead t o  a new generation of  nuclear rockets, 

To what extent t h i s  po- 

Results of research 

1 

It is an e f fo r t  t h a t  is  both useful  and necessary, 
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